Graphene-and graphene oxide-based nanomaterials have gained broad interests in research because of their unique physiochemical properties. The 2D allotropic structure allows it to be used in various biological fields. The biomedical applications of graphene and its composite include its use in gene and small molecular drug delivery. It is further used for biofunctionalization of protein, in anticancer therapy, as an antimicrobial agent for bone and teeth implantation. The biocompatibility of the newly synthesized nanomaterials allows its substantial use in medicine and biology. The current review summarizes the chemical structure and biological application of graphene in various fields.
Introduction
Graphene is formed by a thick sheet of carbon atoms bonded by sp 2 hybridization arranged in a hexagonal array. It has gained immense interest in various fields due to its unique electrochemical properties which include high thermal conductivity, high current, density, chemical inertness, optical transmittance and very high hydrophobicity [1, 2] . It is the simplest form of carbon and the thinnest material produced so far [3] . It exists as few layers of graphite. X-ray diffraction technique reveals the crystal structure of graphene as a closely packed honeycomb-like structure [4] (Fig. 1) . The graphene family includes members such as reduced graphene oxide (rGO), graphene oxide (GO) [5] , graphene sheets and layered graphenes such as few layered graphenes and multilayered graphene (MLG) [6, 7] .
Besides its availability in nature, its wide use has led us to synthesize it by two common methods: (1) the top-down and (2) the bottom-up method. In the top-down approach, layers of graphite are simply separated to get the graphene layer. But to do this, van der waals interaction between the layers need to be broken [8] . However, there are several challenges with this method such as defects in the surfaces may occur during the preparation of sheets of graphene and the discrete sheets cumulate subsequently. Generally, the top-down approach offers low yield and the process is very tedious [8] . In the bottom-up approach, carbon molecules which are procured from different origins are used as building blocks [9] . This approach is also not suitable for making graphene sheets with a huge surface area. At the time of fabrication of graphene, the most conventional method to synthesize graphene was the mechanical cleavage of graphite which produces high-quality, defect-free graphene [10] . An effective alternative method is chemical vapour deposition (CVD) [11, 12] . It was observed that the above procedures are time-consuming and produce very low yields, but in the case of mechanical cleavage methods it helps in the effective and full exploitation of these materials [13] . The alternative method which is scalable, cost-effective and gives excessive yield is exfoliation of graphite or its derivatives like GO [14] .
GO is obtained from a highly oxidized form of graphene molecule by using many strong oxidizing agents. Particularly, GO, due to its excellent surface functionability, amphiphilicity, aqueous appearance, fluorescence quenching ability and surface-enhanced Raman's scattering property, is chemically exfoliated from other graphene derivatives [15] . These exceptional characteristics of GO is due to the small sp 2 carbon domains which are enclosed by sp 3 domains and the hydrophilic functional groups containing oxygen due to its distinctive chemical structure [16] . Hummer's method is widely used to synthesize GO, as it includes oxidation of graphite by mixing the solution of graphite, potassium permanganate and sulphuric acid [17] . This exfoliation in solvents with sonication results in graphite salts, which act as a precursor for GO. The thermal and chemical reduction process of GO converts it to a graphene analog [14] . It has a wide application for filtration purposes, as this thin membrane has the property of filtering harmful gases but is permeable to water. GO is a mass of solid prepared by the process of oxidation of graphite through various chemical processes, which enlarge the interlayer spacing and the base planes. It can be peeled off in a solution to convert it to a monolayer or a few-layer form of GO [5] .
rGO is synthesized from GO by thermal (photothermal), chemical (photochemical), microwave or different bacterial as well as microbial methods by reducing its oxygen amount (Fig. 2) . It is widely used in the field of electronics to manufacture conductive ink circuits and fabrication of electronic devices [18] . The layered graphene is synthesized by the stacking of two-dimensional sheet-like GO in a small number (2) (3) (4) (5) (6) (7) (8) (9) (10) , but the individual scrap should still maintain its high aspect ratio. This MLG has Fig. 1 a Chemical structure. b Crystal structure of graphene compound a wide application in the supplementation of mechanical engineering and in the manufacture of composite materials [6] . Among all the forms, GO has recently gained immense interest in biomedical applications.
GO has unique intrinsic physical as well as chemical properties. Some of the chemical properties include large surface area, functionality containing oxygen, better conductivity and good biocompatibility. The chemical property allows it to be used in bioimaging, biosensing and hypothermia capabilities [19] . 2-D nanosheet graphene contains a single layer of carbon atom arranged hexagonally to increase the surface area, diameter, thickness, stiffness and conductivity. Graphene has specific catalytic, mechanical, electronic, thermal, biological and optical properties [7, [20] [21] [22] , which allow it to be used for biomolecule recognition, bioassays, molecular medicine and small molecular drug delivery. The biocompatibility and quick functionalization make graphene an assuring platform in tissue engineering [23] , molecular drug delivery [24] , cancer treatment [25] , biosensing [26] , and bioimaging [27] . Graphene-based materials are used in the field of bone repair or organ regeneration. Both GO and rGO are utilized in osteogenic stem cells to study [28] [29] [30] chondrogenesis [31] , adipogenesis [32] , epithelial genesis [32] , myogenesis, cardiomyogenesis [33, 34] and neurogenesis [35] .
Graphene is utilized as a substrate interfacing with different cells and biomolecules. Modification of graphene enhances its compatibility, selectivity and solubility in a biological system [36] . Graphene is used for drug delivery [37] , biomolecule recognition, bioassays and in molecular medicine. Graphene and its materials are extensively applied in antibacterial compositions [25, 38, 39] , biosensing [40] , energy storage [41] , catalysis [42] and tissue scaffolds [28] . In this review, we have listed various uses of graphene and graphene-based materials in the biomedical field.
Biomedical applications of graphene
Graphene has been in the forefront of research since the past few years. Development of new methods of graphene synthesis has made this material easily available in the market. Along with graphene, its derivatives such as GO and rGO have gained much more interest in their application (Fig. 3) .
Biofunctionalization with proteins
Graphene interacts with the protein, the building block of the body. It interacts either with the secondary structure, functional group or by physical adsorption. The charge status of the functional group is dependent on the environment such as ionic strength and pH value of the buffer, since the positive or negative charge of the proteins depends on the presence of carboxylate and protonated amino group, respectively [25] . The variation in the surface charge density of functional groups containing oxygen on GO determines its preparation and storage. The GO-oxygen containing groups, makes it acceptable for immobilization of biocatalysts with no surface adjustments and no coupling reagents [43] . Further, to monitor the protein absorption by using the channel of graphene as electrolyte gate, field effect transistor was [25] . GO has been conjugated with gold-Ab and modified the traditional surface plasmon resonance. GO provides a larger surface area and abundant oxygen molecules as a functional group benefiting the method of immobilization and detection sensitivity [44] . Go-based biosensors have been also used to detect ssDNA, living cells and metal ions [45] . Thus, GO is used to immobilize several proteins. Lysozyme and horseradish peroxidase enzymes can be exhausted suddenly on the surface of GO [46] . Also, a microbial protein hydrophobin is used in the functionalization of GO [25] . Introduction of various metals such as Au, Ag, Pd and Pt with the graphene nanosheet has been reported [47] . The immobilization of enzymes on inorganic materials has proved to be a fruitful application, improving its stability under various conditions [48] . Nanomaterials such as magnetic GO are synthesized by covalent binding of amino Fe 3 O 4 onto GO and were used to immobilize laccase [49] . Compared to free laccase and immobilized laccase, the one immobilized showed higher thermal stability and various pH values [49] . Functional forms of graphene-immobilized naringinase have shown high isoquercitrin production. 92.24 ± 3.26% yield was found in microchannel reactor after 20 mins [50] . The Vm/Km kinetic parameter showed an increase to 1.9-fold and a 1/3rd decreased reaction time in a batch reactor. The result shows when the sheets of graphene are immobilized with an enzyme, the specificity increases and shows a mild catalytic characteristic so that the enzyme can be reused [49] . GO is applied for immobilization in the case of β-amylase. Functionalized sheets of GO were also modified on a matrix causing Fenugreek immobilization [51] . The affecting factors were analysed using SPR, SEM and TEM that showed an immobilization efficiency of 84% [51] .
.Green fluorescent protein (EGFP) is a protein of 293 amino acids (32.7 kDa) and emits bright green fluorescence radiation when exposed to blue towards UV light. EGFP is biologically inert [52, 53] , and thus extensively used in the biological field to identify cells and tissue having target gene expression [54, 55] . EGFP-tagged graphene has been synthesized as EGFP-rGO and used to study lactate dehydrogenase (LDH, which is present in all cells) leakage, a suitable index to check cytotoxicity based on the absence of integrity of membrane which mainly focuses on necrosis [56] . Incubation of cells with EGFP-rGO does not change its morphology, suggesting it as nontoxic for the cell. Thus, it can be used as a marker to study cytotoxicity and identification of cells or region of tissues having an expression of target genes [57] . It is used with highly specific proteins, for instance, biotin/avidin interaction or antigen antibody-antigen interaction.
GO-protein interaction is applied in protein crystallization. Obtaining a nucleus and controlling it as a prolific method for diffracting crystals of protein and solving its structure with the help of X-ray crystallography. Involving GO has proved to be fruitful in nucleation and graphene sheets offer a wider heterogeneity of surface along with multiple sized, 'pockets (interparticle)' where crystals of protein are able to nucleate [47] .
Biofunctionalization with DNA
ssDNA along with graphene serves as a good surfaceenhanced laser desorption/ionization time-of-flight mass spectrometry analysis platform; also, graphene embedded with DNA is used to form different nanoparticles and other biosystems. Thiol GO-DNA sheets can make a two-dimensional bionano interface to accumulate gold nanoparticles maintaining its optical properties [25] . FRET biosensor, based on graphene, includes fluorescein amidite-labelled ssDNA that are absorbed on the GO sheet. The application also includes molecular beacon fabricated to graphene-based FRET biosensors enhancing its DNA detection property.
Gene delivery
Gene delivery is a method of introducing foreign DNA into the cell. It is an alternative approach to cure various genetic diseases. Modified GO is used for gene delivery purposes. Polyethylenimine (PEI) modifies the surface of GO sheets and thus makes it ready for cellular gene delivery through covalent conjugation and electrostatic interaction [58] for plasmid DNA (pDNA) stacking. GO is attached covalently to the linear chain [35] and branched chain [59] . PEI is thus used for high-quality transfection effectiveness containing low cytotoxicity than pDNA/PEI complexes. Thus, it has an upper hand over PEI/pDNA complexes. As of date, chitosancomplexed GO (CS-GO) has been integrated. This complex is used for productive delivery of anticancer medication and plasmid DNA stacked individually simultaneously by electrostatic and π-π interaction [60] .
Small molecule drug delivery
The presence of the proteolytic enzymes present in the cytoplasm often interferes in the drug delivery process. GO is used in case of effective gene and drug delivery acting as a carrier (Fig. 4) . The functional group (COOH and OH) of GO allows it to conjugate with various polymers and biomolecules (ligand, DNA, protein).
Approaches include its functionalization with cationic polymer, for example PEI [24] . It is used as a non-viral gene vector as it can strongly interact with the negatively charged phosphate ions of DNA and RNA [24] . It makes transfection easy and efficient, improves cell selectivity and reduces cell toxicity. The use of PEI-functionalized GO delivery of antiapoptotic family protein Bcl-2-targeted siRNA and anticancer drug DOX exhibited a synergistic effect offering a higher transfection efficacy with decreased cytotoxicity of PEI and enhanced anticancer efficacy [61] . A photochemically controlled gene delivery carrier has also been developed where PEI of low molecular weight and rGO are conjugated with polyethylene glycol (PEG) of hydrophilic nature and was confirmed to be stable with plasmid DNA by physiochemical assays [57] . FeO nanoparticles provided GO with multifunctionality and multimodality for assorted organic and medicinal applications [62] . Antiinflammatory drug delivery of ibuprofen has been reported by applying chitosan-containing GO [35] .
The unmodified basal plane sites of graphene that has free surface π electrons are hydrophobic and are capable of forming π-π interactions for loading drug as well as covalent modifications [63, 64] . Some of the drug delivery occurs due to the change in temperature, pH, light and salt concentration. Polymers can detect the change in the surroundings and the drug is delivered. GO biopolymers are sensitive towards pH and thus also used as a transporter for smart drug delivery. For instance, doxorubicin (DOX)-GO compound indicated the appearance of DOX from GO which is pH sensitive because of DOX's higher solvency at low pH [65] . Considering this point of interest, pH-sensitive delivery was effectively exhibited in case of DOX and camptothecin by utilizing folic acid consisting of nano-GO (NGO), called FA-NGO to treat tumours [44] . Ibuprofen and 5-fluorouracil drugs, having antiinflammatory property with distinctive hydrophilicity, were likewise delivered by utilizing the CS-GO complex with a pH-dependent release [66] . GO is modified as a carrier for delivering cancer drugs that are water soluble. The solubility in the physiological and aqueous solutions can be increased by the functionalised NGO with PEG [47] .
Biosensing and bioimaging
Derivatives of graphene, including GO, artificially reduce GO (rGO) [66] , and doped graphene [66] has been studied to know its universal implementations in biodetecting and biosensing for biomolecules such as thrombin [67] , oligonucleotides [68] , ATP [46] , amino corrosives [69] and dopamine [70] . Nowadays, various biosensors-based GO have been produced, such as: (1) utilization of fluorescence quenching capacity of graphene which is supereffective and few FRET-based biosensors have been created [50, 67] ; (2) FRET-based biosensors of graphene have been created on the basis of their electric property [71] .
Self-assembling and controllable graphene biomolecules permit assembling ultrasensitive biosensors for recognition of DNA and different atoms [72, 73] . GO-based biosensors have been developed by taking advantage of their unique physiochemical properties such as extensive surface region, great electrical conducting ability and the magnificent ability for stacking different biomolecules by means of chemical or physical association [73] [74] [75] .
Multilayered ultrathin graphene films, assembled by using layer-by-layer assembly technique, showed catalytic activity against reduced H 2 O 2 . Graphene-ultrathin films stimulate the production of advanced biosensing and electrochemical sensors [76] .
Cancer treatment
Graphene is used to detect early stage of cancer cells [77] . With the tumour sphere assay, the functionality as well as the clonal expansion of the anchorage-independent single cancer stem cell can be measured [77] . GO restricts the formation of tumour sphere effectively in various cell lines that include ovarian, pancreatic, breast, lung cancers and glioblastoma. It is astonishing that GO is less toxic for cancer cells than normal fibroblastic cells. GO therapy inhibits Notch and Wnt driven signal pathways and STAT1/3 signalling, and antioxidant response depends on NRF2. It was reported that in cancer cells, GO induces the responses of toll-like receptors and can cause autophagy [78] and antitumour effects. CT26 colon cancer cells engulf the GO, and on the other hand trigger TLR-4 [79] , TLR-9 signalling pathways and autophagy. GO when injected into mice (immunocompetent) having CT26 colon cancer cells [78] not only prevent the progression of tumour, but also induces autophagy [80] , immune responses and cell death [81] . For effective hydrophobic medication (drugs) delivery, NGO is functionalized having six-arm polyethylene glycol and efficiently connected to tumour cell lines having therapeutic efficacy [37, 82] along with a high cell uptake. Conjugate PEG-GO exhibited malignancy in xenograft models and thus have high therapeutic value [83] . Presently, it has Fig. 4 Graphene as a carrier for target (gene or small molecular drug) delivery been considered that due to oxidative stress induction and depolarization of mitochondria, caspase activation bringing about necrotic and apoptotic cell death [84] , the phototherapeutic impact of NGO subordinates occurs. For improvement of therapeutic adequacy, PEG-GO was utilized as a transporter for photothermal, DOX and chemical therapy [63] . Graphene/TiO 2 nano-hybrid composites additionally indicated high restorative ability which depends on the photocatalytic [33] and photothermal therapy. PEGylated GO utilizing xenograft tumour models of the mouse has shown higher uptake of PEG-modified GO by tumour cells, because of exceptionally productive tumour targeting of GO brought on by enhanced permeability and retention effect [83] . The nanosheet which is a hybrid mixture of GO and gold nanoparticles (AuNPs) easily adheres on the cell surface and promotes a type of cancer therapy by the mechanism of photothermal effect [85] .
Substrates for antibacterial effects
Silver nanoparticle preparation and antibacterial effect on GO sheets have been reported [86] . GO has been geared up in the presence of sodium citrate and silver nitrate. Characterization of GO was done physicochemically by using thermogravimetric analysis (TGA), XRD, TEM, UV-Vis and Raman's spectroscopy. Using the standard counting plate methodology, the antibacterial property of GO and GO-Ag against microbes was observed. Dispersion of GO showed negligible antimicrobial activity against the microorganism and GO-Ag compound showed an increased antibacterial activity. The activity for antibiofilm was also observed on Pseudomonas aeruginosa, on a stainless steel surface showing 100% inhibition rate when exposed to the GO-Ag nanocomposite [87, 88] . Bao et al. [89] had a similar result using a disc diffusion test and evaluated the antibacterial property of GO by observing an inhibition zone surrounding the GO disc showing toxicity of bacteria against Staphylococcus aureus and Escherichia.coli. However, the GO-Ag compound resulted in P. aeruginosa inhibition [67] . The GO-Ag sample hinders P. aeruginosa growth [67] . The RGO and GO-based paper/sheet has the ability to inhibit both Gram-negative and Gram-positive bacterial growth [25] . Graphene derivatives show antibacterial impact because of layer disruption [90] . Since it is cost-effective, it opens a new door in clinical and ecological applications of GO [29] . If we compare with GO, Gt, rGO and GtO graphene subordinates, it has been found out that the antibacterial property diminishes in them as we move towards GtO.
GO and rGO show more prominent antibacterial activity than others [38, 91] by causing membrane stress. The stress is generated by the pointed uneven corner of graphene, which leads to cell membrane damage, ejaculation of RNA and membrane integrity loss [92] . When the concentration, incubation time and the conditions are same, GO shows the highest antibacterial activity as rGO, Gt and then GtO. The antimicrobial mechanism of carbon nanotubes, such as (1) deposition of the cell on materials which are graphene based, (2) membrane stress when sharp nanosheets directly contact cells of the body and (3) oxidation, independent of superoxide anion, is suited for materials based on graphene. The bacterial activity of GtO is much stronger in comparison to GO [39] . Although graphene-based materials produce trace amount of ROS, the minor antibacterial activity of GtO is not negligible [86] .
Scaffolds for mammalian cell culture
The CVD substrate of graphene is biologically compatible with human mesenchymal cells (hMSCs) and human osteoblasts. Cell lines grown in the presence of graphene show higher rate of proliferation, growth and differentiation [93] in comparison to the SiO substrate [6, 94, 95] . It has been reported that the use of different GO materials for cell cultures of lung epithelium have no impact on the viability and biological response of the cell [96] [97] [98] . NIH-3T3 fibroblasts behaviour was studied in different substrates covered with carbon nanomaterial, for example, GO, carbon nanotubes and RGO. The substrates coated with carbon nanomaterial had enhanced gene transfection efficiency and high biocompatibility [99] . Graphene/chitosan films demonstrated promising application to enhance and repair tissue functions in tissue engineering [100] . CVD-developed graphene substrate has also proved to be biocompatible for hMSCs and also for human osteoblasts with a higher rate of expansion of cell and stimulating the development and differentiation of cells [94] . Multilayered GO nanosheet assembled by layerby-layer technique can improve the mechanical properties of polyelectrolyte multilayer films for better attachment of cells [101] .
Differentiation of stem cells
A noble platform of development for growth and differentiation of neuronal stem cell is an important norm for autologous tissue engineering and cell therapy to treat neurodegenerative diseases as well as neuronal disorders. Graphene is utilized for stem cells culture. Recently, human mesenchymal stem cell neuronal differentiation (hMSCs) was seen on the surface of graphene, as it supports a cell-adhesive coat bearing electrifying coupling impact for stimulation of stem cell differentiation [102] . Likewise, graphene additionally improved the differentiation of bones in comparison to regular growth factor [28] . Graphene provides an environment in which mesenchymal stem cells of a human (hMSCs) are organized in a 3D spheroids manner, essential to produce neurons from hMSCs. The monolayer of graphene regulates human mesenchymal stem cells (hMSCs) growth and development [103] . Substrates coated by GO increase embryonic stem (ES) cell differentiation in mouse into haematopoietic cells [104] . Graphene foam, a porous 3-D structure is being used in the energy conversion/storage system and electronics, areas of tissue engineering, to construct a scaffold of neural stem cell as it predominant to traditional inert biomaterials [105] .
Graphene in biomedical implantation
In the last few decades, a lot of new therapies and devices based on materials have been discovered for the treatment of various diseases. New metallic alloys such as stainless steel and Nitinol (NiTi) have often been used in biomedical implants because of their advanced mechanistic properties [106] . Although there are major concerns regarding their use due to their exogenous cytotoxicity, these metallic alloys lack cellular adhesion. However, these may interact with proteins or other living cells leading to a strong immunological reaction that may affect the device functionality [106] [107] [108] . The unique properties of graphene along with its ability to form conjugates with other molecules due to the availability of a high number of functional groups gives an opportunity to create biocomposites with modified properties.
Graphene-based materials play vital roles in bone and tissue engineering. Regeneration of the bone tissues and their mineralization are the important factors in the process of reconstruction of bone defects [109] . One of the most commonly used strategies is the use of grafts, as spontaneous regeneration is not always feasible. Due to the high cost of grafting [110] and some of the disadvantages like lack of viable cells, the risk of immunogenicity and infection transmission, synthetic bone substitutes based on ceramic [111] are used in clinical practice [112] . Graphene and its derivatives, when combined with ceramics, give rise to materials having enhanced mechanical as well as osteogenic properties. HAp, a commonly used material, has been combined with graphene for enhanced capabilities [113, 114] . The addition of chitosan or PEG to HAp/GO nanocomposite can release the considerably high amount of calcium and phosphorus ions as compared to only HAp [114, 115] . Several improvements have been observed in the mechanical and physical properties when graphene is combined with HAp. The addition of GO to the coating of HAp increases the strength [116] . Moreover, the coating with modified GO offered resistance to corrosion and it was also possible to increase the elastic module of HAp and fracture toughness [117, 118] . Incorporation of GO nanoflakes in the scaffolds of gelatin and HAp produced compressive strengths and the yield was also increased compared to gelatin/HAp [119] .
Graphene improves the functionality of HAp. Certain glass-ceramic reactive materials also have the ability to bind to bones and they are biodegradable as well [120] . Addition of 0.5 wt% of graphene into 58S bioglass via laser sintering increases the fracture toughness and strength [121] . Notably, the properties of HAp and bioglass can be influenced by rGO which depends on the concentration. The improvements of mechanical properties of the bioceramic materials by graphene and other related materials are done by bridging, sheet pullout and three-dimensional crack deflection mechanisms [118, 122, 123] . The graphene has a surface area for contact. Thus, graphene-modified bioceramics often have enhanced bioactivity. In a culture of mesenchymal cells (MSC) dispersed in a colloidal solution of HAp coated with rGO, elevated alkaline phosphates activity (ALP) and deposition of nodules of calcium than HAp or rGO alone were shown. Moreover, the cells also showed a high expression level of osteopontin and osteocalcin that play important roles in bone mineralization [124] . As osteocalcin is expressed in late stages of differentiation of osteoblasts [125] , it is likely that the rGO/HAp composite promotes differentiation of these cells [124] . Other osteoconductive bioceramics like calcium phosphate as well as β-tricalcium phosphate (β-TCP) can be mixed with graphene to improve its in vitro bioactivity. In in vitro studies, GO/β-TCP composite elevated the activity of ALP and also the osteogenic related gene expression in MSCs of bone marrow. GO-modified scaffolds also increase the expression level of Wnt cell signalling pathway proteins, suggesting the role of this pathway in the differentiation of osteoblasts [126] . Graphene-mediated enhancements in the differentiation of osteoblasts is also seen in vivo. Calvarial defects of critical sizes were produced in rabbits and then cured with GO/β-TCP scaffold, which resulted in higher rate of naive bone formation than defects filled by unchanged β-TCP alone [126] . Similar observations were also found in the case of rGO/HAp graft which showed considerably higher (52%) bone density than HAp (26%) as well as untreated control (17%) [127] .
Polymeric substances have wide use in dentistry and biomedical field [128] . However, some of the polymer-based materials used in regenerative and reconstructive dentistry are poorly suited for areas that bear the load and may induce inflammatory responses. Moreover, the degradation of these materials may cause induction of an autocatalytic ester breakdown that lowers the pH, which is not suitable for cell viability [129, 130] . These limitations can be overcome by blending the polymers with graphene and its derivatives for the production of composites with improved capabilities. Graphene is a potential candidate for coating of the implants. Nnitinol coated with graphene (Gr-NiTi) supports the excellent growth of endothelial cells and smooth muscle with better cell proliferation and no significant cytotoxic properties [131] .
Graphene-based materials are used extensively in dental implants [132] . A crucial aspect of dental implants is the appropriate measure of the prevention of mechanical failure after implantation. Studies have found that silicatized titanium plates have higher bond strength and good adhesion with a carbon-graphite fibre-reinforced polymer [133] . An important challenge with the dental implants is the formation of biofilms and aggregation of microbial agents on the surface of the implant. To overcome this, researchers have tried various coating materials with antibacterial properties. A coating of artificial acrylic teeth surface with graphene and zinc oxide nanocomposite decreases the deposition of cariogenic Streptococcus mutans bacteria and biofilm formation [23] . PCL/graphene was the material preferred for the production of porous scaffolds [134] . One of the concerns is how to improve the osseointegration of a dental implant. Numerous efforts have been made to enhance the osseointegration property by promoting the attachment, differentiation and proliferation of bone-forming cells on the implant surface [132] .
Photothermal therapy
A phototherapy is a useful approach that can treat a variety of diseases. In addition to gene therapy and chemotherapy, phototherapy also has the ability to control the progression of disease by irradiation of specific light that includes photothermal as well as photodynamic therapy (PTT, PDT). In PTT, a light-absorbing agent is used that generates heat when irradiated by light [135] . Exposure of biological tissues to such temperature results in destruction of the abnormal cells [136] . Based upon this in the field of phototherapy, they can absorb light strongly near the infrared region and have a large surface area with a high number of functional groups [137] . Liu et al. first reported the combined use of GO with PTT in successful tumour suppression [83] . DOXloaded PEGylated NGO can deliver the drug to the tumourigenic region along with the heat that is generated to facilitate combined chemotherapy and photothermal treatment [138] . This approach is more useful than chemotherapy or photothermal treatment alone. Hu et al. developed rGO-tagged quantum dot (QD-CRGO) nanocomposite, which combines PTT therapy with fluorescence bioimaging of the cell/ tumour. GO functionalized with biocompatible porphyrin was used as a platform for PTT of brain cancer. This PGO was found to be more stable than rGO and more, importantly, PGO caused depletion of a high number of brain cancer cells in vitro [139] . However, PTT alone cannot be used as such to destroy tumour cells as the heat is heterogeneously distributed in these cells [140] . PTT is used in combination with other strategies which may involve the modification of GO properties to enhance the therapeutic efficiency.
In PDT, a photosensitizer (PS) is irradiated with suitable light to generate free radicals and/or ROS that irreversibly damages the cancer cells [141] . Hypocrellin-A (HA, a hydrophobic perylenequinonoid anticancer drug having photodynamic properties) was immobilized on GO with the help of π-π interaction, hydrogen bonding and hydrophobic interaction [142] . The excitement of GO-HA at a particular wavelength of light generates singlet oxygen. High cellular uptake of GO-HA was revealed using HeLa cells and significant cell death by irradiation of light was also evident from the studies. Tian et al. showed the benefits of photothermal therapy with photodynamic treatment [86] . Chlorine6 (Ce6, a photosensitizer molecule) was loaded on PEGylated GO and the composite was delivered to KB cells (HeLa derivative cells). It was found that the delivery of Ce6 was promoted by a low power density laser (808 nm) by mild local heating due to the graphene, which has a photothermal effect. PDT is still a challenge, as the frequently used photosensitizers are hydrophobic.
Graphene in mass spectrometry
The properties of graphene, like large surface area, high thermal conductivity stability and the ability to interact with a variety of small molecules, allow it to be used widely in analytical chemistry based on mass spectrometry [143] . Derivatives of graphene are considered as useful matrices that can be replaced with organic matrices that are used conventionally for laser desorption-ionization mass spectrometry (LDI-MS), as they are very efficient in absorbing and transferring energy to the analytes [15] . The efficacy of graphene is much higher than that of GO and rGO, because of its electron transfer and high heat dissipation properties [144] . The hydrophobic properties of graphene make the affinity probe of LDI-MS more suitable for analysis of trace amounts of analytes having an aromatic structure which includes proteins [144] , ssDNA, small molecules [69] and pollutants [145] . The unique properties of graphene make it an excellent absorbent in solid-phase extraction.
Graphene can be used as a good detection platform for ssDNA was first proposed by Tang et al. [144] . They found that with the help of graphene, very low limits of detection can be achieved for DNA as well as protein samples. Dong et al. found that the MALDI-MS of low molecular weight substances uses graphene as a matrix [69] . Detection of both polar compounds such as amino acids nucleosides and others as well as non-polar compounds such as steroids can be possible. The new matrix has the potential to eliminate the interference of matrix background ions, avoid the fragmentation of analytes and also improve shot-to-shot reproducibility. Later, Lu et al. introduced the use of graphene flakes as a very effective matrix for analysis of large-scale small molecules, which include peptides and fatty acids [146] . According to this study, graphene can be used to characterize polymers with average molecular weights from 425 to 3500 kDa. Graphene matrix can minimize the reduction of some redox-sensitive molecules such as methylene blue and riboflavin in MALDI [147] . Compared with conventional organic matrixes and other nano-sized inorganic matrixes, graphene matrixes show some important advantages, which include interference-free low molecular mass region, reduced spot-to-spot difference, high salt tolerance, great ability in negative ion mode and minimization of the reduction of redox-sensitive molecules [143] .
Conjugation of the aptamer to GO makes it suitable to be used as specific affinity probe [91] . GO can also be used as a supporting matrix for the synthesis of Fe 3 O 4 nanocomposites for increased separation of sulphonamide antibiotics with magnetic retrieval of graphene [148] . TiO 2 -conjugated GO nanocomposites enhance the binding of phosphorylated biomolecules [149] . Moreover, GO-based monohybrid films were synthesized to increase the efficiency of LDI by immobilizing GO on a solid surface and then multiwalled carbon nanotubes(MWCNT) and gold nanostructure were incorporated subsequently [150, 151] . The GO-MWCNT composite showed high potential for analysis of phospholipase activity by LDI-MS [152] along with other small molecules and tissue imaging [153] . The efficiency of LDI-MS using GO-MWCNT platform can be increased further by increasing the thickness and roughness of the surface [154] .
A functional graphene paper was made using a pulsed laser engineering approach by spreading graphitic nano-spheres homogenously and used for matrix-free mass spectrometry. This technique increases the stability of the graphene paper as well as its hydrophobicity and electric conductivity. It also increases the imaging of trace element of small molecules and the detection limit is also increased twofold compared to other commercial products [155] . As a very elemental form of graphene, 2D graphene has high compatibility and duration needed for many imaging mass spectrometry (IMS) experiments.
Graphene has a great potential as an adsorbent in solidphase extraction due to its properties, where it can play the dual role of an extractor and matrix in a MALDI-based MS analysis [143] . After the absorption and enrichment of the analyte from a complex sample mixture, it is very important to separate graphene from the mixture. With the help of centrifugation, graphene pellets can be collected after removing the supernatant [144] . Sometimes, it is necessary to wash the graphene after separation, which is done by water or some other solvents [156, 157] . To minimize the loss of graphene, magnetic graphene can be prepared by combining Fe 3 O 4 or cobalt particles with graphene sheets [91, 156, 158] .
Future uses of graphene
The nanomaterial based on graphene has been widely used in nonmedical fields since the last decade. Recently from a number of publications, we have evidence that graphene is attracting the attention of biomedical scientists. The wide range of applications in the delivery of gene/drug has exploited various properties of graphene such as π-π stacking and the loading of small molecular drugs on two-dimensional plane surface by hydrophobic interactions. The utilization of free π electrons, which disclose a negative charge on the surface, has been used to precipitate proteins and genes. GO surfaces enable possibilities for covalently linked and chemically assorted small molecules and similar proteins [105] . Although the research on graphene and its derivatives is at its early stage, in the upcoming days it will provide wide applications for biomaterial science and regenerative medicines [95, 159, 160] . Besides its wide application, the toxic effect of graphene has been recently reported from various studies. The future approach may be to nullify the toxic effect without affecting the physical and chemical properties [161] .
Conclusion
Graphene and graphene-based composite have exclusive electronic, biological, mechanical, as well as unique optical properties. Researchers nowadays have developed various transistors based on graphene molecules, for use in the biomedical field such as biosensing via fluorescence, cell growth and its differentiation for the treatment of many diseases. The formation of a unique biosensor based on graphene has strong functionalization under various physiological conditions with a loss in few properties. As an emerging field, research on nanomaterial scaffolds of graphene for the implementation of stem cell culture deserves notable attention. To build therapeutics on the basis of graphene, researchers might standardize its derivatives as well as check functionalization of this on the biological field to know the response of cells to many graphene derivatives. Graphene may come up as a unique nanoparticle to be used in the biomedical study by efficient association with various branches of science.
